Introduction
Glycine is the smallest amino acid and serves as a model system for the building blocks of proteins. In the gas phase, glycine is present in its neutral form, while in the crystal structure and in aqueous solution it dissociates into its zwitterionic form. In the aqueous solution, this transition requires a proton transfer which is stabilized by the hydrogen bond network formed by the surrounding water.
In a previous study, we have investigated the low frequency spectrum of the solvated glycine zwitterion using THz absorption spectroscopy in combination with ab initio molecular dynamics simulations. 1 It was possible to dissect the experimentally observed spectrum of glycine in aqueous solution as a superposition of strong intra-molecular solute modes interplaying with distinct solute-solvent couplings together with rigid-body-like solute motion within the transient solvation cage. This has provided new insights into the molecular picture of the solvation of amino acids. Previously, the microsolvation of glycine with water has given rise to numerous studies both experimentally and computationally: computational studies have investigated glycine-water complexes with up to 12 water molecules. The main emphasis lied on the question of how many water molecules are necessary to stabilize the zwitterion. [2] [3] [4] Further computational studies focused on complexes of glycine with one water molecule. Particular attention was given to the nature of the binding site of the water molecule with the glycine and its interaction strength upon intermolecular bond formation. [5] [6] [7] A range of experimental studies have been carried out on the glycine-water complex, including matrix isolation FTIR, 8, 9 Raman and microwave experiments in free jet expansions, 10, 11 as well as photoelectron experiments on anionic glycine-water clusters. [12] [13] [14] In gas-phase experiments, a total of three different aggregates of glycine with one water molecule have been observed. In these, the water binds to the carboxyl group of the glycine, which is present in three different configurations. 10, 11 Previously, Ramaekers et al. recorded FTIR spectra of glycine and water embedded in an argon matrix. For a low water content, they found two glycine conformers with a water molecule binding to the carboxyl group, by comparing the experimental data to ab initio predictions. For a higher water content, they determined spectral changes upon annealing the matrix and assigned these to the formation of a zwitterionic structure of glycine-(H 2 O) 4 . 8 In a more recent Ar matrix study, Espinoza et al. confirmed the results for aggregates of one glycine and one water molecule and found an additional configuration, where again the water binds to the carboxyl group. 9 However, they suspected that some of the spectral features observed by Ramaekers et al. at a high water content may be due to glycine dimer formation. Therefore, no unambiguous confirmation of a zwitterion formation for a given cluster size was possible. For anionic [(glycine)(H 2 O) n ] À clusters with n = 1, 2, 5-10, Xu et al. proposed that the transition to the zwitterionic form takes place for clusters with n Z 5.
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The helium droplet isolation technique is an established way for isolating weakly bound species and characterizing their vibrational spectra. 15 Previously, infrared spectra of the glycine monomer and glycine dimer embedded in helium nanodroplets have been recorded in the O-H stretch region. 16, 17 Here, we report the observation of the infrared spectra of glycine and its complexes with one water molecule in the fingerprint region 1000-1450 cm
À1
. In this frequency range, we expect a strong C-O stretch / COH bending mode, in the following denoted as C-OH stretch mode. Furthermore, we were able to detect the spectrum of the glycine-water aggregates. The experimentally observed infrared spectra are compared to ab initio calculations in order to unravel the structures of helium solvated glycine-water aggregates.
Experimental methods
The experiments were carried out on the Bochum helium droplet apparatus, described in detail previously. 18 A schematic drawing of the experimental setup is shown in Fig. 1 . The helium droplet beam is generated in a continuous expansion of precooled (17 K, 20 K) helium at a stagnation pressure of 50 bar through a 5 mm nozzle, resulting in a mean droplet size of 10 000 and 5000 helium atoms, respectively. In a first pickup chamber, a cylindrical steel oven is mounted with a transfixion for the transmission of the droplet beam. 19 In the detector chamber, the droplet beam is ionized via electron impact and the cation fragments are detected in a mass spectrometer (Pfeiffer QMG 422). For the infrared depletion spectra, we have recorded the total ion current for all fragments with a mass/charge ratio m/z Z 8 (high pass), which yielded the best signal/noise ratio. We used a phase-sensitive detection of the depletion in the ion current on the frequency of the amplitude modulated laser beam via a lock-in amplifier. ) are fragments of glycine monomer, dimer, and glycine-water complexes. The fragment Fig. 1 Schematic drawing of the experimental setup. The helium droplets are generated in an expansion chamber and doped in the two subsequent pickup chambers. A spectroscopy chamber is used for overlapping the droplet beam with the focused laser beam. Subsequently, the droplets are ionized and their cationic fragments are detected in a mass spectrometer. The depletion signal is processed via a lock-in amplifier. at mass m/z = 105 (glycine + CH 2 NH 2 + ) corresponds to the dimer, which also contributes to the fragments at m/z = 30, 75, 76. Mass m/z = 151 corresponds to the protonated glycine dimer ((H 2 NCH 2 CO 2 H) 2 H) + and is a fragment for the glycine trimer as well as glycine dimer + water. Upon addition of water to the glycine-doped droplets, additional peaks appear at mass m/z = 17-19 and 37, which correspond to fragments of water clusters. In addition to the protonated glycine and glycine dimer, we observe peaks at mass m/z = 94 (protonated glycine + water, (H 2 NCH 2 CO 2 H)(H 2 O)H + ) and m/z = 112 (protonated glycine + two water, (H 2 NCH 2 CO 2 H)(H 2 O) 2 H + ). These are attributed to fragments of glycine water complexes, in particular (glycine) 1 -(H 2 O) n with n = 2, 3 and (glycine) 2 (H 2 O) n with n = 1, 2, respectively.
Results
We recorded the infrared depletion spectrum of glycine in the range 1000-1450 cm À1 integrated over all masses m/z Z 8 using a mean helium droplet size hNi D 5000, as shown in Fig. 3 (upper trace, black). We observe absorption bands at 1106 cm À1 , 1134 cm À1 , 1370 cm À1 , and 1389 cm À1 . At each of these bands, we recorded the depletion signal as a function of the glycine pressure (i.e. pickup curves). For this, the oven containing glycine was heated up to 120 1C and then cooled down to 80 1C, while recording the ion current on m/z = 30 in the residual gas analyzer that is connected to the pickup chamber. The experimental data are displayed in Fig. 4 . The probability P or the pickup of k dopant molecules is given by the Poisson distribution
as a function of the number density of dopant molecules r, with the capturing cross section s and the length of the pickup region L (see e.g. Choi et al.
15
). The intensity for infrared absorptions corresponding to an aggregate incorporating k dopant molecules from a distinct pickup region is proportional to P. The density r at a constant temperature is proportional to the partial pressure of the dopant, and therefore proportional to the ion current of the corresponding fragmentation channels in the RGA.
Poisson distributions for the pickup of m = 1, 2, 3 glycine molecules were fitted to the experimental pickup data. As parameters, we used a normalization factor and a parameter which includes the product sL. This parameter was determined by a fit for the pickup curve at 1106 cm À1 , which served as a reference, using m = 1. In all subsequent fits, this value was kept constant. The pickup curves at 1106 cm
À1
, 1134 cm À1 , 1370 cm À1 and 1389 cm À1 resemble very well the Poisson distribution for glycine monomer (see Fig. 4 ). Accompanying ab initio calculations were carried out using the GAUSSIAN program suite. 20 The structures for the main glycine conformers were optimized on the MP2/TZVPP level of theory and their harmonic frequencies were calculated. 21 for the C-C and C-N stretch modes of the conformer I, respectively. An overview of the experimentally observed lines and the predicted harmonic frequencies is given in Table 1 . In order to record the experimental spectrum for glycine-water aggregates (Fig. 6) , we increased the droplet size to hNi D 10 000. (Fig. 7) . During these measurements, the water pickup was kept constant at a partial pressure of 4 Â 10 À6 mbar.
For the bands at 1209 cm À1 , 1232 cm À1 , 1259 cm À1 and 1410 cm À1 , additional pickup curves were recorded by varying the H 2 O partial pressure between 0 and 1.5 Â 10 À5 mbar, while recording the ion current on m/z = 18 in the residual gas analyzer (Fig. 8) . During these measurements, the glycine oven temperature was kept constant at a temperature of 105 1C.
We were able to fit Poisson distributions with m, n = 1, 2, 3 to the experimental glycine and water pickup curves, respectively. The pressure dependence (m, n) of the distinct bands corresponding to aggregates (glycine) m (H 2 O) n is given in Fig. 6 . The product sÁL for the pickup of water was determined by a fit of the pressure dependence for the band at 1209 cm À1 as a reference, using n = 1. These parameters were kept constant in all subsequent fits. Based on the pickup curves, the lines at 1209 cm
and 1410 cm À1 are assigned to (glycine) 1 (H 2 O) 1 ( Fig. 7 and 8 ).
Further pickup curves at 1142 cm À1 and at 1259 cm À1 resemble a (glycine) 2 pressure dependence. Pickup curves at 1232 cm À1 resemble a (glycine) 1 (water) n dependence with n Z 1. Structures for the glycine-water aggregates were determined via a conformational search on the BLYP-D3/TZVPP level of theory. [22] [23] [24] [25] For this, 200 structures for each glycine conformer with a random position of the water molecule were optimized and the resulting structures were compared by their root mean square distance. The obtained structures were further optimized on the MP2/TZVPP level of theory and harmonic frequencies were calculated. The predictions yield eighteen different minimum structures. For most of the structures, the MP2/TZVPP harmonic frequencies yield a single, intense infrared transition for the C-OH stretch of the glycine, similar as for glycine monomer. Based upon a comparison between experiment and theory, all but six structures are excluded: the disregarded structures are expected to give rise to strong absorption bands between 1100 and 1200 cm
, whereas the experimental spectrum shows no evidence for absorption bands of (glycine) 1 (H 2 O) 1 aggregates in this frequency range.
The six structures that are further taken into account are depicted in Fig. 9 and labeled according to the configuration of the glycine (I, II or III) followed by the site of the binding water (C for carboxyl group, B for a 'bridge' position between the carboxyl and amino sites). For the structures ICa and IIICa, we find intermolecular hydrogen bonds between the water and the carboxyl group. In these structures, the water acts as both, a hydrogen bond donor and acceptor with respective bond lengths of 2.0 Å/1.8 Å for ICa and 1.9 Å/1.8 Å for IIICa. For the structures IICa, IICb and IICc the water acts as a hydrogen bond donor with bond lengths of 1.9 Å, 2.0 Å, and 2.0 Å, respectively. In structure IIB, the water is situated at the side of the glycine molecule and forms weak hydrogen bonds to the amino and carboxyl groups. In these bonds, the water acts as acceptor and donor with bond lengths of 2.3 Å and 2.4 Å, respectively. In all structures with glycine in conformation II, we find an additional intramolecular hydrogen bond with a bond length of 1.86 AE 0.02 Å. The harmonic frequencies (scaled by 0.97) of these structures yield strong infrared transitions at 1215 cm À1 , 1263 cm À1 , 1392-1394 cm À1 , and 1406 cm À1 . The predicted spectra are convoluted with a Lorentzian line shape and compared with the experimental spectrum in Fig. 6 . An overview of the predicted frequencies is given in Table 1 .
Discussion

Glycine monomer
Theory predicts at least 8 stable conformers of glycine.
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Here, we observe four IR bands of glycine monomer at 1106 cm , and 1389 cm À1 (see Fig. 3 ). This assignment is established by the corresponding experimental pickup curves, which all follow the Poisson statistics for the pickup of one glycine molecule (see Fig. 4 ). For a low glycine pickup pressure, the pickup curve of the band at 1389 cm À1 follows a linear increase corresponding to a monomer. However, for a higher glycine pressure, the pressure dependence resembles those for larger clusters. We attribute this to underlying absorption features of larger glycine clusters, which gain intensity for high glycine pressures. In comparison with the MP2/TZVPP harmonic frequencies, the bands at 1106 cm À1 and 1389 cm À1 are assigned to the C-OH stretch modes of the glycine conformers I and II, with the absorption at 1106 cm À1 corresponding to the predicted IR transition of conformer I at 1105 cm À1 , and the absorption at 1389 cm À1 corresponding to the predicted transition of conformer II at 1392 cm À1 . The band at 1370 cm À1 is assigned to the predicted C-C stretch mode of conformer I at 1375 cm À1 .
The band at 1134 cm À1 is assigned to an overlap of the C-N stretch mode of conformer I predicted at 1145 cm À1 and the C-OH stretch mode of conformer III predicted at 1142 cm À1 .
The infrared intensity of the C-OH stretch mode is predicted to have nearly the same strength for all three conformers. The difference of the experimental intensities of the bands at 1134 cm À1 and 1389 cm À1 compared to the band at 1106 cm
À1
is therefore attributed to a difference in the abundance of the three conformers in helium nanodroplets. Assuming that the band at 1134 cm À1 is solely due to the C-N stretch mode of conformer I, the experimental data does not confirm the observation of the glycine conformer III. However, bands of glycine monomer have been observed in helium droplets in the frequency range of the O-H stretch band and assigned to the glycine conformers I, II, and III. 16 Furthermore, the observation of three conformers is in agreement with previous experimental measurements of glycine in inert gas matrices (conformers I, II and III; see Fig. 5 ). [28] [29] [30] Therefore, we include conformer III in our assignment.
Glycine-H 2 O
Upon addition of H 2 O, we observe additional absorption bands at 1142 cm À1 , 1410 cm À1 , and several overlapping bands in the range 1200-1260 cm À1 (see Fig. 6 ). We still observe the bands at 1106 cm À1 and 1389 cm À1 , which are attributed to the glycine monomer. The bands at 1142 cm À1 and 1259 cm À1 are assigned to clusters containing two glycine molecules based upon pickup curves recorded at these frequencies. The bands at 1209 cm À1 , 1232 cm À1 , and the smaller peak at 1410 cm À1 are assigned to aggregates containing one glycine molecule. The glycine pickup curves at 1232 cm À1 and 1410 cm À1 are not unambiguous since they seem to be composed of overlapping bands of (glycine) 1 -(H 2 O) n as well as (glycine) 2 (H 2 O) n aggregates. However, the linear increase of the intensity of these bands for low glycine pressures supports their assignment to (glycine) 1 aggregates. From the water pressure dependence, the bands at 1209 cm
À1
and 1410 cm À1 are assigned to aggregates containing one water molecule. The water pickup curve at 1232 cm À1 does not display Table 1 The center frequencies of the experimentally observed bands in comparison with the harmonic frequencies from ab initio calculations. In addition, the experimental and predicted shifts for the C-OH stretch mode upon addition of water are given for the corresponding glycine conformers a clear Poisson dependence. We attribute this to overlapping bands of several aggregates incorporating a varying amount of water molecules in this region. We used the ratio between the predicted and the observed transition of glycine monomer as a scaling factor to predict the vibrational bands of the (glycine) 1 , respectively. However, the experimental band at 1389 cm À1 is observed without the addition of water and is therefore assigned to the glycine monomer. Nevertheless, we cannot exclude some contribution of these structures to the band at 1389 cm
.
An assignment of the experimentally observed bands in the range 1200 cm À1 to 1260 cm À1 proves to be difficult. The C-OH stretch mode of the IIICa configuration is predicted at 1263 cm À1 . We speculate that the corresponding absorption band in the experimental spectrum is overlapped with the strong band at 1259 cm À1 , which is attributed to an aggregate (glycine) 2 (H 2 O) n . The structure ICa shows the formation of H-bonds between the water and the carboxyl group. The intermolecular bonds strengthen the C-O bond, thus causing a predicted blue shift of the C-OH stretch vibration of 110 cm À1 . This blue shift is in accordance with the experimental data, which show a blue shift of 103 cm À1 .
For the glycine II conformer, the C-OH stretch mode is blue shifted experimentally by 21 cm À1 subsequent to aggregation with one water molecule. This is in line with a strengthening of the C-O bond via interaction with the water. However, the shift is five times smaller than the blue shift for the glycine conformer I. We suggest that the intramolecular hydrogen bond in the glycine II configuration moderates this effect. For the structure IICa the C-OH stretch mode is predicted to be blue shifted by 14 cm À1 , which is in line with the experimental shift of 21 cm À1 . We should note that for the structures IIB, IICb, and IICc the C-OH stretch mode is hardly affected with predicted shifts of +0 cm À1 , +1 cm À1 , and +2 cm À1 , respectively.
This observation suggests a marginal interaction with the water, which is in accordance with a large OÁ Á ÁH bond distance of 2.0 Å for the structures IICb and IICc, and bond distances of 2.3 Å and 2.4 Å in the conformer IIB.
In our experiment, we observe structures, in which the water binds to the carboxyl site of glycine as conformer I and II (i.e. ICa and IICa). We further assume that the corresponding structure for glycine as conformer III is formed in helium droplets, as well. These aggregates are formed with the glycine conformers I, II, and III and correspond to the respective lowest energy structures. We find no evidence for the presence of complexes, in which the water binds to the amino site, even though these conformers correspond to local minima on the potential surface. The observation of a structure with the water acting as a bridge between the amino and carboxyl groups (i.e. IIB) is unlikely. The latter configuration would facilitate a hypothetical proton transfer. Zwitterion formation is therefore expected to require more water molecules.
This observation is in line with the previous gas-phase experiments, where the structures ICa and IIICa were observed, exclusively.
11 However, it is in contrast to an aggregation that is dominated by dipole steering (i.e. a long-range interaction), which has been observed in helium droplets in the case of large rotational constants and large dipole moments (e.g. for HCN; see Nauta and Miller 31 ). A pre-orientation of the aggregating molecules by dipoledipole interaction would facilitate configurations with the water binding to the amino site, as well.
Here, we do not find this, which is in line with the small rotational constants or glycine (approx. 0.3 cm À1 and 0.1 cm
) 32 leading to the thermal population of several rotational states, despite the low temperature in the droplets. During aggregation, the glycine dipole is rotationally averaged, which reduces its interaction with the dipole of the water molecule. Rotational averaging has been discussed previously for different systems, e.g. the acetylene-furan trimer. 33 Therefore, we suggest that structures which correspond to a global minimum on the potential energy surface are formed preferentially, since a rotational realignment subsequent to cooling is feasible.
Conclusion
In summary, we have recorded the IR fingerprint spectrum of glycine monomer and (glycine) 1 (H 2 O) 1 . Similar as in previous studies of Huisken, 16 we found conformer I, II and III of glycine being populated even at temperatures of 0.37 K. Furthermore, we investigated the first step of microsolvation of glycine by addition of a single water molecule in helium droplets. By comparison between the experimentally recorded and the predicted spectrum, we were able to assign two bands to the C-OH stretch mode of the glycine. For both experimentally observed structures, a hydrogen bond is formed between the carboxyl group and the H 2 O molecule. These structures correspond to two low-lying conformers of the potential energy surface. It is interesting to note that for (glycine) 1 (H 2 O) 1 no conformer was observed which would facilitate a proton transfer. Thus, we suspect that the formation of a larger water network is required before proton transfer can take place. 
